Solubility and Viscosity of Refrigerant-Oil Mixtures by Yokozeki, A. M.
Purdue University
Purdue e-Pubs
International Compressor Engineering Conference School of Mechanical Engineering
1994
Solubility and Viscosity of Refrigerant-Oil Mixtures
A. M. Yokozeki
E. L. du Pont de Nemours and Company
Follow this and additional works at: https://docs.lib.purdue.edu/icec
This document has been made available through Purdue e-Pubs, a service of the Purdue University Libraries. Please contact epubs@purdue.edu for
additional information.
Complete proceedings may be acquired in print and on CD-ROM directly from the Ray W. Herrick Laboratories at https://engineering.purdue.edu/
Herrick/Events/orderlit.html
Yokozeki, A. M., "Solubility and Viscosity of Refrigerant-Oil Mixtures" (1994). International Compressor Engineering Conference. Paper
1002.
https://docs.lib.purdue.edu/icec/1002
SOLUBILITY AND VISCOSITY OF REFRIGERANT~OIL MIXTURES 
A Michi YOKOZEKI 
Fluorochemical Laboratory 
E. I. du Pont de Nemours & Co. 
Wilmington, DE 19880 
ABS1RACT 
So far in the literature, refrigerant~il solubility data have been correlated with empirical forms. The correlations 
require much experimental data with a large amount of adjustable parameters, and are limited to use within the 
experimental condition. Often, the correlations are unable to represent all data with temperature, pressure, and 
compositions- at the same time. This situation becomes particularly serious for the case of multicomponent refrigerants 
with oil. More versatile and theoretical models are needed. 
General and practical models, based on thermodynamic theory, have been developed for the refrigerant~il solubility 
and successfully applied for various systems for the first time. In addition, the viscosity of refrigerant-oil mixtures has 
been studied, and a simple mixing rule has been proposed. By combining these solubility and viscosity models, viscosity 
charts as functions of pressure, temperature, and compositions are constructed. Several examples and applications based 
on the present models will be discussed. 
INTRODUCTION 
In common refrigration equipment, the compressor is literally the heart of the system. In order for the compressor to 
perform properly, oil requires to lubricate compressor bearings and other moving parts, as well as minimizing gas leakage 
during compression. Oil properties must meet this purpose suitably. However, selecting a proper oil is complicated due to 
the presence of refrigerant, which dissolves in the oil. The oil properties will be significantly changed by this process. · 
The viscosity of the oil/refrigerant mixture, which is one of the most important factors, may decrease as much as an order 
of magnitude, since the refrigerant viscosity is typically .2~3 order of magnitudes smaller than that of oil. The suitable 
degree of solubility is also important. Too much solubility of refrigerant in the compressor oil is harmful, causing low 
viscosity, oil foaming, etc., while partial immiscibility (liquid~liquid seperation) may also cause problems, since both (oil 
rich and refrigerant rich) liquids could have very low viscosities. Oil also circulates with refrigerant throughout the 
system. Large amounts of oil in the system create problems: reduction of heat transfer in heat exchanger and clogging of 
capillary tubes. To prevent the system from excessive oil accumulation, a high degree of mutual solubility may be 
required, but at the same time it must provide a proper viscosity of the mixture in the compressor. 
Solubility depends not only on the type of refrigerant/oil combination but also strongly on temperature (T) and 
pressure (P), as does viscosity of the mixture. To understand these relations quantitatively is of upmost importance for 
designing the system and selecting lubricants. There have been time<onsuming experimental efforts and empirical 
correlations based on laboratory data. Developing purely empirical correlations requires a large amount of data covering a 
wide range of experimental conditions (T, P, and compositions), as well as a large amount of fitting parameters. The 
extrapolation and interpolation of such correlations are often severely limited. In some cases, empirical correlations can 
not fit all observed data with the same correlation form; different equations may be needed for different regions of data. 
Perhaps, one ofthe most serious shortcomings will be that it is highly impractical to correlate the case ofmulticomponent 
refrigerants with oil. 
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Although the properties, such as vapor presssure and viscosity, of oil and refrigerant are quite different, the mutual 
solubility is nothing but the thermodynamic phase -equilibrium: vapor-liquid or vapor-liquid-liquid equilibrium (VLE or 
VLLE). It must be correctly modeled within the thermodynamic theory. However, no successful model has been reported 
in the literature. In the present study, we have developed general and practical models based on the equation-of-state 
(EOS) theory and/or the activity-model (solution) theory. Concerning the viscosity of oiUrefrigerant mixtures, a simple 
mixing rule has been developed and successfully tested for various observed systems. The solubility and viscosity models 
are then combined to construct an entire chart of viscosity with T, P, solubility, and compositions Several selected 
examples and applications based on the present model will be given. 
MODELING 
A) Solubility (VLEIVLLE) 
Various solution (activity) models have been known in the literature. Among them, WilsonOl and modified Wilson 
equations(2) are commonly used. With two or three adjustable parameters for each binary pair, any multicomponent 
system may be reliably predicted. Here, we use the following modified Wilson activity model<2> for the "Gamma-Phi" 
phase-equilibria equations(3 l. 
V. ( X) where A = _J exp --9-
9 V: RT ' 
I 
with A;; = Aii = 1 
n: number of species; P: pressure; T: temperature; V: molar volume; x, y: mole fraction; R: gas constant; 
subscripts: each species; superscript of o: pure compound's properties. 
The vapor phase fugacity coefficients, ~i• for refrigerants are calculated by the equation-of-state discussed later. The 
Gamma-Phi method has a special advantage for the solubility correlation of oiUrefrigerant mixtures, where the physical 
properties of oil, such as vapor pressure, critical point, etc. that are usually unknomt, are not required, since the vapor 
pressure of oil may be ignored under the typical ex-perimental conditions. Only a nominal (or average) molecular weight 
of oil is needed to correlate the experimental solubility data. For each oiUrefrigerant binary mixture, three adjustable 
parameters, t..12, A.2 1 (Wilson's binary interaction parameters), and the molar volume of oil, V oil• will be determined from 
the experimental solubility (TPx, temperature, pressure, composition) data. 
Although the above method is convienient to use for the oil/refrigerant solubility, there are some limitations. It is 
only safely used well below the critical temperature of refrigerants. Often, the binary interaction parameters have strong 
temperature dependences in order to fit data with a wide range of temperatures. This introduces more fitting parameters 
and makes it difficult to extrapolate beyond the experimental data. 
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A more rigorous and versatile formulation of phase equilibria is to use a proper EOS for both liquid and vapor phase 
fugacities. For this purpose, the following EOS has been developed based on the SRK (Soave·Redlich·Kwong) 
equation<4>. 
P= RT _ a 
V -b V(V +h) 
, 
where a= L~a;a1 (I- kif )x;x1 , 
i,j=l 
subscript of ci: critical point of i-th species; all other notations are the same as previous equations. 
The temperature dependence of the above "a" parameter, a(T), is no longer the acentric factor (ro) form commonly 
used<5>: 
a(1)0·5 = ~ + (1- .JT/1; )(0.48508 + 1.5517 m- O.l5613ai) 
The present modification has significantly improved the vapor pressure correlation of various refrigerants, since the 
coefficients, j3, are determined so as to fit observed vapor pressure data of each pure compound. As for oil, the above 
acentric factor equation is applied with properly estimated Tc and Pc. A simple method to estimate critical constants has 
been recently proposed by Vetere<6>. Since the critical T of oil is very high w.r.t. that of any refrigerant and its vapor 
pressure is essentially zero under the present interest, a rough estimation of Tc and Pc of oil may be sufficient. It is, 
however, found that the acentric factor must be suitably set up. Here, we treat it as an adjustable parameter, to be 
determined from oiVrefrigerant VLE data. 
Another deveplopment, at the present study, is to adopt a new type of binary interaction parameters. The ordinary kij, which is symmetric (kij = kji), is modified in order to take into account the different size of refrigerant and oil, since 
the molecular sizes of the two kinds of compounds are very different and the ordinary random mixing theory{7> may not be 
applied. Here, the kij can be asymmetric when the lij and lji in the above equation are different; when the lij and lji are 
the same, the mixing rule is reduced to be the usual one. The mixing rule in the "b" parameter is also included with this 
asymmetric interaction, since the "b" parameter is theoretically related to the molecular size. 
In order to correlate experimental VLE (PTx) data of each binary oiUrefrigerant mixiure in this model, at most four 
parameters, lij, 'lji, mij, and ro (oil) are required. Once the ro of a particular oil is determined, it should be a constant for 
that oil, and then any refrigerant with that oil will need at most three adjustable parameters to correlate the experimental 
binary VLE data. All multi-component mixtures with that oil may be reasonably calculated by the determined binary 
interaction parameters in the present model. 
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B) Viscosity 
The liquid viscosity (TJ) for a pure compound has often been correlated by the following empirical form(8): 
B 
l!n( 17) = A +-+ CT + DT2 
T 
For oils, the fisrt two terms are sufficient, while for refrigerants three or four terms are needed for a wide range ofT. 
Liquid viscosities of most of pure compounds including oils are available in the literature. However, the viscosity of 
mixtures is not commonly available. Here, a simple mixing rule has been developed for the mixture viscosity. 
j 
It may be called an effective weight fraction average of pure compounds, since ~i becomes a weight fraction when k= 1; m 
is molecular weight, and x is mole fraction for each compound. It has been found that k is nearly a constant of 0.58 for 
many refrigerant mixtures studied. In the present study, it is fixed to 0.58 for refrigerant-only mixtures, while for oil and 
refrigerant(pure or mixtures) mixtures, k is treated as an adjustable parameter to be determined from ex--perimental data. 
For various oil/refrigerant mixtures, so far studied, it ranges from about 0.6 to 1.0. In some cases, a small T dependence 
ink exits for a wide range ofT, where it is modeled as a linear function ofT. 
RESULTS AND DISCUSSIONS 
In order to test the present model, we have examined several published VLE/VLLE data(9•12>. Figs.l and 2 show the 
examples ofthe present correlation. Both cases fit the experimental data within a standard deviation of 0.7% in P, with 
the three binary interaction parameters and the oil acentric factor: for R123, lij = lji = 0.01861, mij = -0.0242, m = 1.134, 
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Fig.t Solubility of R123 in naphthenic 
base mineral oil. 
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Fig.2. Solubility of R22 in alkyl 
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Fig.3. Vapor pressure of R32/R125/R134a 




200 ~\ 1\ 
' 
1\ 










N '- "- " 
.!I. ~ r-...."'-. 011 Wt% 
0.2 '"- ['..,_) ,:x "'-" ~ ~- r--.... p.3 
2 
"'{:, ';{:::_ ~ ~ ~ ~ 100 




......... I'-.."' ......... eo 
2.0 ~"'::: ~ .,.,.._ 
MP~ f"""' 60 
0.2 
-40 -20 0 20 40 60 80 100 120 140 
Temperature (C) 




- model (k • 0.6) 
T ·eo c 













0 0.5 1.5 2 2.5 3 3.5 4 4.5 5 
Pressure (MPa) 
Fig.4. Viscosity vs. pressure of R32/ 
R125/R134a In polyol ester oil (VG 56). 
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Fig.e. Viscosity chart of R32/R125/R134a in polyol ester oil (VG 22). 
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The solution (Gamma/Phi) model also fits equally well for the R123 case, while for the R22 case, the binary 
interaction parameters were no longer independent ofT in order to fit all the T data simultaneously. This situation was 
generally true for other systems studied and expected, since this model is known to be valid for low P Vl.E. The rest of 
the results are all based on the EOS model. As mentioned earlier, the present model is able to predict the solubility 
behavior of multicomponent refrigerants with oil based on each binary data. Fig. 3 shows one of such examples. A 
ternary mixture ofR32/R125/R134a (30/I0/60v.t%) with a polyol ester oil (VG 56 with molecular weight of 554) has been 
successfully predicted for the experimental data03)_ The viscosity model of mixtures have been examined for various 
systems with the fitting parameter ofk. All systems studied so far correlate reasonably well using a constant k parameter. 
Fig. 4 shows an example for the same ternary refrigerant and the oil. A constant k of 0.60 fits the observed dataC13) fairly 
well. If necessary, the k can be used with a linear function of T. 
By combining the EOS solubility model with the viscosity model, a viscosity chart with T, P, and solubility such as 
Figs. 5 and 6 can be constructed. Fig. 5 is the case for the above-mentioned ternary refrigerant and the oil. Here, the 
composition of each refrigerant is kept constant (30/10/60wt%) in the oil. The present model, however, can calculate any 
composition changes due to T and P and the corresponding viscosity. Fig. 6 shows a similar chart of the same ternary 
refrigerant components (23/25/52wt%) with a different polyol ester oil (VG 22 with molecular weight of 560). Again, all 
binary VLE have been. measured<14> and the rnulticomponent properties are calculated. It is interesting to see the 
significantly different behavior between the two polyol ester oils; here the effect due to the different refrigerant 
compositions is minor. 
CONCLUSIONS 
The solubility model based on thermodynamic theory has been developed and successfully applied for various 
refrigerant/oil mixtures. It not only correlates binary VLE data with 2-4 parameters, but also can predict mu1ticomponent 
thermodynamic properties. A simple mixing rule for oil/refrigerant viscosities has been proposed and tested. 
ACKNOWLEDGEMENTS 
The author thanks Prof. K. Oguchi at Kanagawa Inst. of Tech. for providing him with their data. Their excellent 
experimental data helped the present development. Also, he greatly acknowledges Y. Ogawa at Mitsui Du Pont 
Fluorochemicals and Okita at Japan Sun Oil Co. for kindly providing him with unpublished data for solubility and 
viscosity. 
REFERENCES 
1) G. M. Wilson, J. Am. Chern. Soc., Vol. 86, 127 (1964). 
2) T. Tsuboka and T. Katayama, J. Chern. Eng. Japan, Vol. 8, 181 (1975). 
3) H. C. Van Ness and M. M. Abbott, "Classical Thermodynamics of Nonelectrolyte Solutions", McGraw-Hill (1982). 
4) G. S. Soave, Chern. Eng. Sci., Vol. 27, 1197 (1972). 
5) M.S. Graboski and T. E. Daubert, Ind. Eng. Chern. Process Des. Dev., Vol. 17,443, 448 (1978). 
6) A. Vetere, Chern. Eng. J., Vol. 49, 27 (1992). 
7) J. S. Rawlinson and F. L. Swinton, "liquid and Liquid Mixtures", Butterworth Publishers, London (1982). 
8) T. W. Phillips and K. P. Murphy, ASHRAE Transactions, Vol. 76, 146 (1970). 
9) Y. Takaishi, H. Nakagawa and K. Oguchi, Trans. of the JAR, Vol. 9, 85 (1992). 
10) Y. Takaichi and K. Oguchi, Trans. of JAR, Vol. 7, 75 (1990). 
11) Y. Takaishi, H. Nakagawa and K. Oguchi, Trans. of the JAR, Vol. 10, 67 (1993). 
12) Y.Takaishi and K. Oguchi, XVIII-th International Congress of Refrigeration, Paper No.78, Montreal (1991). 
13) Okita, Private Communications, Japan Sun Oil Co. (1993). · 
14) V. z. Geller, M. E. Paulaitis, A. Yokozeki and D. B. Bivens, Int. Comp. Eng. Conf.at Purdue, West Lafayette (1994). 
340 
